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The present work is a  continuation of the systematic survey of the 
solubilities,  apparent  dissociation  constants,  and  thermodynamic 
properties  of  the  amino  acids,  which  for  some  time  have  been  the 
subject of study in this laboratory (1).  We are reporting the solubil- 
ity in  water of d-tyrosine,  dl-tyrosine,  diiodo-dl-tyrosine,  dibromo-l- 
tyrosine, and dichloro-/-tyrosine over a  temperature range of from 0 ° 
to 50°C.; and the apparent dissociation constants of dibromo-l-tyrosine 
and  dichloro-/-tyrosine  at  25 °  and  40°C.  From  these  data  we  have 
calculated  the heats of solution of all of the above amino acids and the 
apparent  heats  of  ionization  of  dibromo-l-tyrosine  and  dichloro-/- 
tyrosine. 
Methods 
The technique employed for obtaining the solubilities  of the amino acids was 
the same as described by Dalton and Schmidt  (2).  The concentrations of the 
amino acids in the saturated  solutions were obtained  by micro Kjeldahl  deter- 
minations of nitrogen  (3).  The criteria of purity of the preparations were con- 
stant  solubility  after  repeated  recrystallization  and  constant  solubility  when 
there was a small excess and a large excess of the solid phase. 
For  estimating  the  apparent  dissociation  constants,  the  solubilities  of  the 
amino acids  were determined in  aqueous  solutions and  in  solutions containing 
varying amounts of sodium hydroxide or hydrochloric acid.  The hydrogen ion 
activities of the solutions were determined with the aid of the quinhydrone elec- 
trode.  They are based on the value 1.078 for the pall of 0.1000 molar HC1 (4), 
and on the assumption that contact potential differences  were eliminated by the 
use of saturated potassium chloride.  It was found impossible to use a hydrogen 
electrode because  dibromo-l-tyroslne and  dichloro-l-tyrosine are  easily reduced 
to tyrosine by hydrogen in the presence of platinum black.  This procedure for 
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estimating the apparent dissociation constants of amino acids having a low solu- 
bility has been used by Hitchcoek for l-tyrosine (5)  and by Dalton, Kirk, and 
Schmidt for diiodo-/-tyrosine  (6).  The present work completes the data on the 
apparent dissociation  constants for the dihalogen  substitution products of/-tyro- 
sine which, up to the present time, have been found to occur naturally or which 
have been synthesized (7, 8). 
EXPERI~[ENTAL 
/-Tyrosine was obtained by enzymatic hydrolysis of casein.  After  recrystal- 
llzing it several times from hot water, the specific rotation of a 4.8 per cent solution 
in  1.0 molar HCI was found  to be  (a)~L =  -12.4.  Analyses gave theoretical 
values for nitrogen.  Its solubility at 25  ° was within 0.5 per cent of the value 
given by Dalton and Schmidt (2). 
d/-Tyrosine was prepared in  two ways.  l-Tyrosine, obtained by the  above 
method, was boiled 24 hours with 10 times its weight of 40 per cent sodium hy- 
droxide solution.  The racemic tyrosine was precipitated with 50 per cent acetic 
acid and recrystallized several times from hot water,  dl-Tyrosine was also syn- 
thesized by a method furnished us by Professor M. S. Dunn of the University of 
California at Los Angeles. I  The main steps in the  synthesis  were  as  follows: 
nmlonic  ethyl ester  -~ bromomalonic ethyl ester  -+ phthalimidomalonic ethyl 
ester --~ sodium phthalimidomalonic ethyl ester  -~ p-methoxybenzyl phthalimi- 
domalonic ethyl ester --~ d/-tyrosine hydrobromide -+ dl-tyrosine.  Both prepara- 
tions of dl-tyrosine on analysis gave theoretical values for nitrogen and possessed 
no optical activity.  Their solubilities  were within  1.5  per cent of each other. 
Twenty-four solubility measurements were  carried  out  at  eight  different  tem- 
peratures between 273.1  ° and 332.6  ° absolute. 
In Table I  equations which  express  the  solubility  relationships  as 
a  function  of  the  temperature  are  given  for  dl-tyrosine  and  the 
other  amino  acids  studied.  The  equations  were  obtained  by  the 
method  of least  squares.  In  Table  II  the  solubilities  of  the  amino 
acids have been calculated on the basis of these equations in grams per 
1000  gin.  of  water.  The  thermodynamic  relationship  between  AH, 
the differential heat of solution; N2, the mol fraction;  T, the tempera- 
ture; and P, the pressure, can be expressed as follows (13) : 
C  In N,~  ~H  --~-/p =  k-~  (1) 
AH is Mso the  total heat of solution  of 1  mol of solute in  an infinite 
amount  of saturated  solution.  In dilute  solutions,  such  as we  have 
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used,  the value for AH can be assumed to represent the total heat of 
solution.  Since  In  N~  =  3.46  X  10-2T  -  20.577,  AH  =  6.88  × 
TABLE  II 
Table of Calculated Solubilities of Tyrosine and the Halogen Substitution Products 
of Tyrosine 
l-Tyrosi] 
°C. 
0  0.196 
5  0.232 
10  0.274 
15  0.324 
20  0.384 
25  0.453 
30  0.537 
35  0.635 
40  0.752 
45  0.889 
50  1.052 
-Tyrosine 
0.196 
0. 232 
0.274 
0.324 
0. 384 
0.453 
0.537 
0.635 
0.752 
0.889 
1.052 
dl-Tyrosine 
0.147 
0.175 
0.208 
0.248 
0.294 
0.351 
0.417 
0.497 
0.590 
0. 703 
0.836 
)iiodo-l. 
:yrosine 
0.204 
0.255 
0.318 
0.396 
0.494 
0.617 
0. 769 
0.959 
1.197 
1.493 
1.862 
)iiodo-dl 
tyrosine 
0.149 
0.176 
0.207 
0.244 
0.288 
0.340 
0.400 
O. 472 
O. 556 
O. 656 
O. 773 
Dibromo-l- 
tyrosine 
(hydrated) 
1.213 
1.463 
1.764 
2.128 
2.566 
3.095 
DibromoJ- 
tyrosine 
(anhy- 
drous) 
2.432 
2.723 
3.055 
3.420 
3.828 
4.295 
4.808 
Dichloro-l- 
tyroslne 
1.015 
1.147 
1.303 
1.488 
1.709 
1.973 
2.289 
2.671 
3.134 
3.696 
4.382 
These values were calculated on the basis of equations given in Table I. 
values are in terms of grams per 1000 gm. of water. 
TABLE  III 
Differential Heats of Solution of Certain Amino Acids 
All 
Amino acid  Differential heat 
of solution 
/-Tyrosine ................................................... 
d-Tyrosine .................................................. 
d/-Tyrosine .................................................. 
Diiodo-/-tyrosine ............................................. 
Diiodo-d/-tyrosine ............................................ 
Dibromo-l-tyrosine  (anhydrous) ................................ 
Dibromo-l-tyrosine  (hydrated) ................................ 
Dichloro-/-tyrosine .......................................... 
5,960 
5,960 
6,110 
7,830 
5,830 
3,970 
6,630 
5,170 
10-2TL  At  298.1 °  absolute,  the value of AH for d/-tyrosine is 6,110 
calories.  In  Table  III  the  differential  heats  of solution at  298.1 ° 
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d-Tyrosine was obtained by resolution of d/-tyrosine using the method of frac- 
tional crystallization of the brucine salts of formyl-d/-tyrosine (9).  The specific 
rotation of a 4.8 per cent solution in 1.0 molar HC1 was found to  be  (~)~',~ = 
+12.5.  Analysis  gave theoretical values for nitrogen.  Its solubility at three 
different temperatures was within 1.0 per cent of the value for l-tyrosine given by 
Dalton and Schmidt (2). 
The fact that the solubility of the racemic isomer is lower than that 
of the active forms is an indication that dl-tyrosine is a racemic com- 
pound and not a mixture.  Further evidence for this was provided by 
the observation that l-tyrosine dissolves in a saturated solution of the 
racemic isomer.  If the latter had been a mixture this solution would 
TABLE  IV 
Change of Solubility of a Mixture  of d-Tyrosine and l-Tyrosine with Time 
Time  Solubility 
/~r$. 
1 
3 
6 
12 
24 
48 
72 
120 
144 
gra. per 1000 gin. H20 
0.951 
0.957 
0.932 
0.914 
0.899 
0.892 
0.380 
0.355 
0.353 
have been saturated with respect to the levo isomer and the/-tyrosine 
would not have dissolved when brought in contact with the saturated 
solution of d/-tyrosine. 
The compound, d/-tyrosine, is formed when d-tyrosine and l-tyrosine 
are mixed in aqueous solution.  This was demonstrated by the follow- 
ing experiment.  75 mg. samples of both d- and l-tyrosine were added 
to  100  cc.  of water at 25  °.  The amount of tyrosine dissolved was 
determined in aliquots removed from time to time.  The results are 
given in Table IV. 
The solubility of the mixture at the end of 144 hours is within 1.0 
per cent of the solubility determined for d/-tyrosine.  Loring and du 
Vigneaud obtained similar results with a  mixture of d- and/-cystine 89Z~  THERMODYNAMIC  DATA  OF  TYROSINE  COMLPOIJNDS 
(10).  It is important  that exactly the same amounts of d-tyrosine 
and/-tyrosine are used at the beginning of the experiment.  If there 
is an excess of one form it will be left after the dl-tyrosine compound 
has been formed and the amount of tyrosine in solution will be the sum 
of the racemic compound plus the optically active form. 
The solubility, apparent dissociation constants, and thermodynamic 
data for diiodo-/-tyrosine have been reported by Dalton,  Kirk, and 
Schmidt (6).  Oswald (11) had reported previously a solubility value 
for diiodo-l-tyrosine which is between 7 and 8 times greater than the 
value reported by these workers, aI/d a solubility value for diiodo-d/- 
tyrosine that approximated the solubility found in this laboratory for 
the levo isomer.  This suggested that, in the conversion of l-tyrosine 
into diiodotyrosine, racemization had taken place.  To clear up this 
point,  a  sample  of  the  diiodotyrosine used  by  Dalton,  Kirk,  and 
Schmidt was reduced to tyrosine by the procedure outlined by Haring- 
ton (12), using palladium black as a catalyst.  The tyrosine obtained 
had the same optical activity as the/-tyrosine used in the preparation 
of the  diiodotyrosine. 
Diiodo-/-tyrosine and  diiodo-d/-tyrosine were prepared  according 
to the method of Oswald (11), starting with/-tyrosine and d/-tyrosine 
prepared  as  described previously in  this  paper.  The  products  on 
analysis gave theoretical values for iodine and nitrogen.  The solubil- 
ity of the diiodo-/-tyrosine was within 2.0 per cent of the value given 
by  Dalton,  Kirk,  and  Schmidt.  The  solubility  of  the  diiodo-d/- 
tyrosine was lower than that of the levo isomer.  Nineteen solubility 
measurements of the diiodo-d/-tyrosine were carried out at six different 
temperatures between 273.1  ° and 320,5  °  absolute.  The usual equa- 
tions were devised and their coefficients tabulated in Table I.  By 
assuming  that  the  perfect  solution  laws  were obeyed,  zXH298.1, the 
differential heat of solution, was calculated and is given in Table III. 
Dibromo-/-tyrosine and dichloro-/-tyrosine were prepared by treat- 
ing /-tyrosine with bromine or  chlorine in accordance with the pro- 
cedure recommended by  Zeynek  (8).  The  synthesized compounds 
were reduced to tyrosine by the procedure outlined by Harington (12), 
using palladium black as a  catalyst.  No essential change in optical 
activity of the tyrosine was noted. PHILIP  S.  WINNEK  AND  CARL  L.  A.  SCHMIDT  895 
FIG. 1.  Anhydrous form of dibromo-/-tyrosine. 
FIG. 2.  Hydrated form of dibromo-/-tyrosine. 896  THERMODYNAMIC  DATA  OF  TYROSINE  COMPOUNDS 
Dibromo-l-tyrosine crystallizes from water in two forms depending on the con- 
ditions under which the crystallization is carried out.  When a boiling, saturated, 
aqueous solution is allowed to cool with no agitation, the compound crystallizes 
in long needles resembling salicylic acid and containing no water of crystallization 
(Fig. 1).  After air drying, analysis gave, within experimental limits, theoretical 
values for nitrogen and bromine.  When a warm solution is cooled in an ice bath 
with agitation, the compound crystallizes in platelets containing one half molecule 
of water of crystallization (Fig. 2).  The interesting thing about these two forms 
/  / 
-9.0 
ff 
¢,. 
-9.6 
~4  I  I  I  I  I 
280  T  300  320 
Fla.  3.  Solubility curves for  anhydrous  (Curve  I)  and  hydrated  (Curve  II) 
dibromo-l-tyrosine. 
of dibromo-/-tyrosine is the difference  in  their  solubility-temperature relation- 
ship.  At 290.6 ° absolute, their solubilities are the same.  At lower temperatures 
the hydrated form is the more stable, and at 273.1 ° absolute, the anhydrous form 
will change  to  the hydrated form if allowed to  stand at this temperature for a 
sufficient length  of time.  Between  282.1 ° and  298.1 °  absolute, both  forms  are 
stable for the period of time investigated (up to 3 weeks), and exhibit differences 
in solubility.  Above 306.1 ° absolute, the hydrated form will change to  the an- 
hydrous form if allowed to stand at this temperature for a sufficient length of time. PHILIP  S.  WINNEK  AND  CARL  L.  A.  SCI-IMIDT  897 
Eleven  solubility measurements were  carried out on the hydrated 
form  of  dibromo-/-tyrosine  at  four  different  temperatures  between 
273.1 °  and  298.1 °  absolute.  At higher temperatures  the  compound 
changed into the anhydrous form.  The solubility relationships of the 
hydrated and anhydrous forms of dibromo-l-tyrosine are  graphically 
represented  in  Fig.  3.  The  usual equations were  devised  and  their 
coefficients tabulated in Table I.  The differential heat of solution was 
calculated  and is  given in  Table  III.  Fourteen  solubility measure- 
FIG. 4.  Dichloro-/-tyrosine. 
ments were carried out on the anhydrous form of dibromo-/-tyrosine 
at six different temperatures between 282.1 ° and 320.6 ° absolute.  At 
higher temperatures the compound decomposed.  The coefficients for 
the solubility equations are tabulated in Table I  and the differential 
heat of solution is listed in Table III. 
Dichloro-/-tyrosine crystallizes from a hot aqueous solution at first as platelets 
which grow into prisms containing water of crystallization.  An excellent descrip- 
tion of the crystal form is given by Zeynek (8).  A photograph of these crystals is 
shown in Fig. 4.  Analysis of the preparation after drying in a vacuum desiccator 898  THERMODYNAMIC  DATA  OF  TYROSINE  COMPOUNDS 
over  phosphoric  anhydride  showed  one  molecule  of  water  of  crystallization. 
Within  experimental  limits,  theoretical  values  for  nitrogen  and  chlorine  were 
obtained. 
Fifteen solubility measurements in water on dichloro-l-tyrosine were 
carried out at seven different temperatures between 273.1 ° and 320.6 ° 
absolute.  At higher temperatures the compound had a  tendency to 
decompose.  The usual equations expressing its solubility as a function 
of the  temperature were  devised and  their  coefficients tabulated in 
Table I.  The differential heat of solution is listed in Table III. 
TABLE  V 
Apparent  Dissociation  Constants,  Heats  of  Ionization,  and  Isoelectric  Points  of 
l-Tyrosine  and Its Dihalogen Substitution  Products 
Substance 
/-Tyrosine 
Diiodo-/-tyrosine 
A H  of ionization (calories) 
Dibromo-/-tyrosine (anhydrous 
form) 
A H  of ionization (calories) 
I)ibromo-/-tyrosine (hydrated form) 
Dichloro4-tyrosine (hydrated form) 
H  of ionization (calories) 
Tempera- 
ture 
°C. 
25 
0 
25 
40 
25 
40 
25 
25 
40 
pK'j 
2.20 
2.21 
2.12 
2.11 
980 
2.17 
2.11 
1,700 
2.16 
2.12 
2.08 
1,140 
pK'2 
9.11 
6.53 
6.48 
6.45 
810 
6.45 
6.41 
860 
6.44 
6.47 
6.42 
1,420 
pK'a 
10.07 
8.31 
7.82 
7.45 
8,790 
7.60 
7.28 
9,120 
7.58 
7.62 
7.31 
8,830 
pI 
5.6 
4.37' 
4.29 
4.19 
4.30 
4.23 
4.28 
4.28 
4.22 
For  calculating the  apparent  dissociation constants of dibromo-/- 
tyrosine  and  dichloro-/-tyrosine  from  the  solubility-pall data,  the 
equations developed by Hitchcock (5) were employed.  The data are 
presented in Table V.  Because of the uncertainty as to which disso- 
ciation constant represents the ammonium ion and which represents 
the hydroxyphenyl group, the apparent dissociation constants, found 
in this investigation, are  reported as KI', K '  and Ka', where KI' 
KWK,  Kw  Kb"  = = Ka-~, and K3' = Kas'.  It is to be pointed out that very small 
1 
errors either in the value obtained for K  '  2 or for (H+) will make large PHILIP  S.  WINNEK  AND  CARL  L.  A.  SClCI-MIDT  899 
differences  in the values of K3  t.  Because of this, the values obtained for 
K3' indicate only roughly the order of magnitude of the dissociation 
constant. 
The question concerning the relative strengths of the ammonium 
ion and  the hydroxyphenyl group in  l-tyrosine is  a  difficult one  to 
decide.  Simms  (14)  assumed that  the hydroxyphenyl group is  the 
more acidic.  On the other hand, Cohn (15) considers that the ammo- 
nium ion,  under  the  influence of  the  hydroxyphenyl group,  is  the 
more acidic and that it has about the same strength as the ammonium 
ions  in  phenylalanine  and  serine.  Birch  and  Harris  (16)  titrated 
l-tyrosine in the presence of formaldehyde and from the displacement 
of the titration curve, came to the conclusion that the ammonium ion 
is the more acidic.  However, their work is open to question, because 
they did not consider possible reactions of the formaldehyde with the 
hydroxyphenyl  group.  The displacement of the titration curve would 
probably be the same as they found if the hydroxyphenyl group were 
the more acidic. 
The measurements were carried out at 298.1 ° and 313.1 ° absolute 
for  dichloro-l-tyrosine  and  for  the  anhydrous  form  of  dibromo-/- 
tyrosine.  Measurements on the hydrated form of dibromo-l-tyrosine 
could be carried out only at  298.1 °  absolute,  because at  the higher 
temperature it changed to the anhydrous form.  For the purpose of 
calculating the apparent heats of ionization of these compounds, the 
equation of van't Hoff was used (13, p. 298), 
d  In K  AH 
dT  RT~ 
or 
d(R  h K) 
AH  =  -- 
-  "' 
where T  =  the absolute temperature, R  =  the gas constant in calories 
per degree, K  =  the true dissociation constant, and AH =  the heat of 
ionization.  Since the true dissociation constants of these amino acids 
are not known,  the  assumption  was  made that  the  equation  holds 900  TtIERMODYNAMIC  DATA  O1  ~  TYROSIN'E  COMPOUNDS 
when  the  values  for  the  apparent  dissociation  constants  are  used 
instead of the true dissociation constants.  The further assumption 
was made that aH is constant over the temperature range from 298.1 ° 
to 313.1 ° absolute; and, therefore, for this temperature interval, equa- 
tion (2) may be written: 
d(R In K) 
The dissociation values, heats of ionization, and isoelectric points of 
dibromo-l-tyrosine and dichloro-/-tyrosine are given in Table V.  For 
comparison, the data of Hitchcock (5) relating to/-tyrosine and those 
of  Dalton,  Kirk,  and  Schmidt  (6)  concerning diiodo-/-tyrosine are 
included.  From examination of the data given in Table V,  certain 
conclusions can be reached.  /-Tyrosine and its dihalogenated substi- 
tution products have values of the same order of magnitude for pK1 p. 
From the point of view of the zwitter ion theory this constant repre- 
sents the dissociation of the carboxyl group  and  indicates that  the 
substitution  of the halogens in the hydroxyphenyl ring of/-tyrosine 
has very little effect on the dissociation of this group.  The pK~  p  and 
pK~  r values of l-tyrosine are much larger than in the case of the di- 
halogenated substitution  products.  This  indicates  that  the  groups 
represented by/(2  r and K3  r are much more acidic in the case of the di- 
halogenated compounds than in/-tyrosine.  Because of the increase 
in the acidic properties of these groups brought about by the intro- 
duction of the halogens in the hydroxyphenyl ring,  the dihalogenated 
substitution products of/-tyrosine are stronger acids than/-tyrosine. 
Since this  increase in  acidity is of the  same order of magnitude, it 
appears that iodine, bromine, and chlorine, when substituted respec- 
tively to form the dihalogenated tyrosine compounds, have about the 
same effect on the dissociation constants. 
A general rule in organic chemistry, usually valid, is that the sub- 
stitution of a  strongly negative group, such as the halogens, will in- 
crease the acidic properties of groups in the molecule which have a 
tendency to give off hydrogen ions.  This effect is greater the closer 
the negative group is to the group dissociating to give hydrogen ions. 
If this  rule is  assumed to  hold true, it would be expected that  the PHILIP  S.  WIN'N-EK  AND  CARL  L.  A.  SCHMIDT  901 
introduction of halogens adjacent to the hydroxyl  group in the hydroxy- 
phenyl ring of/-tyrosine would increase the acidity of this group much 
more than that of the ammonium ion which is separated from the 
halogens by  several  carbon  atoms.  From  the values  for  pK2  ~ and 
pK~  ~  of/-tyrosine and its dihalogenated substitution products, it must 
follow that  pK~'  represents  the  dissociation  of  the  hydroxyphenyl 
group and pK~' represents the dissociation of the ammonium  ion in the 
dihalogenated substitution products of/-tyrosine.  This conclusion is 
independent of which group is more acidic in l-tyrosine. 
It has been pointed out by Kolthoff (17), Ebert (18), and Meyerhof 
(19), among others, that strongly acid groups have very small heats of 
ionization, whereas strongly basic groups possess large heat values-- 
in the neighborhood of 10,000 to 12,000 calories.  Therefore, it should 
be possible to predict the nature of the group which is dissociating by 
estimating the magnitude of the apparent heat of ionization.  The 
organic radicals which are either weakly acidic or basic, such as the 
hydroxyphenyl and the imidazole rings respectively, will yield inter- 
mediate values for the heats of ionization and by this criterion should 
be readily identified. 
It might be expected from the apparent heats of ionization of the 
dihalogenated  substitution  products  of  /-tyrosine  that  the  groups 
could be identified which give rise to the three dissociation constants. 
KI' represents the dissociation of the carboxyl group and the heats of 
ionization, calculated from its values at different temperatures in the 
case of diiodo-/-tyrosine, dibromo-/-tyrosine, and dichloro-/-tyrosine, 
are small as shown in Table V.  This is to be expected for a strongly 
acidic group. 
The values for the heats of ionization of the groups represented by 
K2' and K3  t are of no use in distinguishing between the ammonium ion 
and  the  hydroxyphenyl group  in  the  dihalogenated  substitution 
products of /-tyrosine, because  sufficient data  are  not available  for 
purposes of determining the heats of ionization that would be expected 
at the hydrogen ion activities at which they dissociate in these com- 
pounds.  The heat of ionization of a  group is not only a  function of 
the group and of the temperature, but also of the  pall at which it 
dissociates.  In the dihalogenated substitution products of/-tyrosine, 
the  hydrogen ion  activities,  at  which  the  ammonium ion  and  the 902  THERMODYNAMIC  DATA O]~  TYROSINE COMPOUNDS 
hydroxyphenyl group  dissociate,  are  so different  than  in other com- 
pounds which have  been studied,  that  it is apparently impossible to 
draw conclusions  from  the  apparent  heats  of ionization,  calculated 
from the values of K~  p  and/£3' at different temperatures. 
SUMMARY 
I.  The  solubilities and  differential heats of solution of d-tyrosine, 
dl-tyrosine,  diiodo-dl-tyrosine,  dibromo-/-tyrosine  (hydrated),  dibro- 
mo-/-tyrosine  (anhydrous),  and  dichloro-l-tyrosine  (hydrated)have 
been determined. 
2.  Evidence has been advanced that dl-tyrosine is a compound. 
3.  From  the  solubility  determinations  at  various  acidities,  the 
apparent  acid and  basic dissociation  constants of dibromo-/-tyrosine 
and dichloroJ-tyrosine have been determined at 25  ° and 40°C.  From 
these data the apparent heats of ionization have been calculated. 
4.  The question concerning which of the groups in l-tyrosine and its 
dihalogenated  substitution  products is responsible for each  dissocia- 
tion constant has been discussed. 
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